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Abstract 
During their operation, modern aircraft engine components are subjected to increasingly demanding operating conditions, 
especially the high pressure turbine (HPT) blades. Such conditions cause these parts to undergo different types of time-dependent 
degradation, one of which is creep. A model using the finite element method (FEM) was developed, in order to be able to predict 
the creep behaviour of HPT blades. Flight data records (FDR) for a specific aircraft, provided by a commercial aviation 
company, were used to obtain thermal and mechanical data for three different flight cycles. In order to create the 3D model 
needed for the FEM analysis, a HPT blade scrap was scanned, and its chemical composition and material properties were 
obtained. The data that was gathered was fed into the FEM model and different simulations were run, first with a simplified 3D 
rectangular block shape, in order to better establish the model, and then with the real 3D mesh obtained from the blade scrap. The 
overall expected behaviour in terms of displacement was observed, in particular at the trailing edge of the blade. Therefore such a 
model can be useful in the goal of predicting turbine blade life, given a set of FDR data. 
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Abstract 
The current work studies the effect of the incorporation of different amounts of graphite filler on the mechanical properties of 
epoxy resin and of carbon fiber reinforced epoxy composites. Graphite-reinforced epoxy-matrix composites were prepared with 
graphite fractions ranging from 5 to 30 wt%. The carbon-fiber reinforced graphite/epoxy hybrids were prepared using a fixed 
amount of carbon fiber, and graphite incorporation in the epoxy of 7.5, 10 and 11.5 wt%. After cure the produced materials were 
submitted to tensile and to flexural three point bending tests. Examination of microstructural features and fracture surfaces were 
undertaken by optical microscopy and scanning electron microscopy. Increased graphite filler contents results in improved tensile 
modulus of the epoxy matrix. The 7.5, 10 and 11.5 wt%-graphite materials showed also an increase in the ultimate stress value 
with increasing filler. Introduction of reinforcement carbon fibers enhances tensile modulus. This increase is higher for the higher 
amounts of graphite filler in the matrix. This study s ows that graphite/ poxy composites r inf rced with carbon fiber present 
hig r m chanical performance than conventional carbon fiber reinforced epoxy matrix composites. 
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1. Introduction 
There is increasing demand for advanced materials with improved properties, aiming to meet new requirements 
or to replace existing materials such as metals-based ones. This quest has significantly contributed to the advent of 
new polymer-matrix composite materials that allowed major design improvements and found extensive application 
in the manufacture of a variety of products, including automobile and aircraft components, structural components, 
sporting goods and biomedical devices. The high performance of continuous fiber reinforced polymeric matrix 
composites is thoroughly known and documented. However these composites present disadvantages regarding the 
matrix-dominated properties, which often limit their applicability range (Yasmin et al. 2004). The development of 
newer composite materials addressing these issues is thus of great significance for several engineering applications, 
broadening the potential structural applications of composites. 
 The current work is a preliminary study on the development and characterization of polymer-matrix composite 
materials aimed at biomedical applications. The development of composite materials has enabled major 
improvements in the design and performance of modern orthopedics and prosthetic devices (Klasson 1995). The 
majority of upper- and lower-limb prostheses are now made from composites with underlying polymer matrix. 
Carbon fiber reinforced epoxy matrix composites are currently the most used multi-phase materials in orthopaedics, 
mainly because of their exceptional strength-to-weight characteristics and high biocompatibility (Nolan et al. 2008, 
Scholz et al. 2011). While epoxy-matrix composites possess excellent mechanical and tribological properties, 
adequate chemical and corrosion resistance, and excellent dimensional stability (Suresha et al. 2007), matrix-
dominated properties such as in-plane and interlaminar shear properties, together with matrix stiffness, toughness 
and hardness have still room for improvement (Cho et al. 2007). 
In this context this work aims at the development of hybrid composites intended for the processing of lower-limb 
prosthesis. The approach used for improving matrix-dominant properties consisted on the incorporation of graphite 
platelets as a filler material in the epoxy resin. Previous research by other authors e.g. (Cho et al. 2007, Shokrieh et 
al. 2013, Suresha et al. 2007, Yasmin et al. 2004, Ozerol et al. 2015) has shown that the matrix-dominated 
mechanical properties of fiber/polymer matrix composites can be improved incorporating fillers, with improvement 
extent depending on the processing method and the type, surface condition, concentration and dispersion of the filler 
particles. The addition of fillers to an epoxy matrix ensures the maintenance of adequate mechanical and tribological 
properties, together with a direct cost reduction due to the lower consumption of resin material (Suresha et al. 2007).  
In this study the properties of composites consisting of epoxy resin reinforced with graphite platelets and of 
hybrids consisting on graphite/epoxy resin reinforced with carbon fiber are investigated and compared regarding 
their mechanical properties. The overall purpose is the development of a new improved material for lower-limb 
prosthesis application. 
2. Experimental 
2.1. Materials 
In all the experiments the matrix material was prepared at room-temperature by mixing the epoxy resin SR1500 
with the corresponding curing hardener SD2505 (both from Sicomin) in a 100:33 weight ratio, according to supplier 
instructions. Graphite (PN 104206, MerckMillipore) used as filler for the epoxy matrix was in the form of fine 
platelets (Fig. 1) with 13 μm mean particle size. A woven carbon fabric HS 3K (195 ݃Ȁ݉ଶ) containing twill 2/2 
carbon fibers with 0.25 mm thickness was also used as additional reinforcement in some of the prepared samples. 
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Fig. 1. SEM micrograph of graphite platelets. 
2.2. Production of the composite materials 
The production of the composite materials in study was developed in two steps. First, composites consisting of 
graphite platelets filler dispersed in the epoxy/hardener mixture (named “specimens1”) were produced and tested. 
Afterwards the most promising compositions were used as the matrix material for the production of carbon fiber 
reinforced composites (named “specimens2”).  
2.2.1. Specimens1 – epoxy matrix reinforced with graphite platelets 
 
Preparation of these materials followed standard procedures for the mixture and homogenization of epoxy resin 
and hardener (33 wt%) formulations. Next, graphite platelets were added and mixed at room temperature. The 
maximum graphite loading was first determined, corresponding to the higher added amount that resulted in 
sufficiently low viscosity to allow straightforward casting in the mold. The used graphite proportions are rendered in 
Table 1. The prepared mixtures were then poured in a previously made silicon mold following ASTM D638-14 and 
cured at room temperature during 48 h. The dimensions of the tensile specimens were 175 mm total length, 45mm 
length of narrow section, 30 mm width overall, 15mm width at narrow section and 5 mm thick. A reference sample 
without graphite addition was also prepared for comparison purposes. The same procedure was used to produce 
cylindrical samples with ∅ 10 mm for microscopy; these samples were afterwards polished by conventional 
metallographic procedure up to a 3 μm finish. 
Table 1. Details of the prepared samples with composition “specimens1” 
 Matrix Graphite (wt%) 
RE 0% Epoxy 0.0 
RG 5% Epoxy 5.0 
RG 7.5% Epoxy 7.5 
RG 10% Epoxy 10.0 
RG 11.5% Epoxy 11.5 
RG 12.5% Epoxy 12.5 
RG 15% Epoxy 15.0 
RG 30% Epoxy 30.0 
RE: epoxy resin; RG: graphite-reinforced epoxy resin. 
2.2.2. Specimens2 – graphite/epoxy matrix reinforced with carbon fiber 
 
Carbon woven fabric was used as the reinforcement for the graphite/epoxy matrix materials studied in 
“specimens1”. The tested graphite/epoxy formulations contained 7.5, 10 and 11.5 wt%-graphite (§ 3.2). These 
matrices were prepared following the procedure described in 2.2.1. Vacuum bag hand layup technique was used to 
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produce the fiber-reinforced composites. The procedure consisted on the alternate placement of carbon fabric and 
graphite/epoxy resin layers. Porous Teflon film and peel-ply film were placed above the completed stack. To ensure 
uniform thickness and good surface finish of the samples steel plates were placed above and below the absorbent 
felt. The whole assembly was kept under primary vacuum (850 mPa) and allowed to cure during 48 h at room 
temperature (Fig. 2a).  
Six laminate panels with 300 mm x 300 mm x 2 mm with different graphite concentrations and carbon fiber 
orientation (Table 2) were manufactured according to ASTM D3039 and ASTM D3518 standards. The laminates 
were cut with a diamond circular saw; six samples with 250 mm long and 25 mm width were obtained from each 
composite plate. Half of the obtained specimens were prepared for tensile test by adding end tabs according to 
ASTM D3039 (Fig. 2b).  
Table 2. Details of the prepared test “specimens2” 
 Matrix Reinforcement 
45_45_7.5% Epoxy + 7.5 wt%-graphite 
[45/-45]4s 
Carbon fabric 
45_45_10% Epoxy + 10 wt%-graphite 
45_45_11.5% Epoxy + 11.5 wt%-graphite 
0_90_7.5% Epoxy + 7.5 wt%-graphite 
[0/90]4s 
Carbon fabric 
0_90_10% Epoxy + 10 wt%-graphite 
0_90_11.5% Epoxy + 11.5 wt%-graphite 
 
  
a) b) 
Fig. 2. “Specimens2”: (a) vacuum bagging technique; (b) tensile samples. 
2.3. Mechanical Testing 
Mechanical tests were undertaken in a Instron 3369 universal test machine equipped with 10 kN load cell. 
Tensile tests were conducted in conformity to ASTM 638-14 with a crosshead rate of 1 mm/min (Fig. 3a). Three-
point bending (3PB) flexural tests were carried out in accordance to ASTM D790-02 with 5 mm/min crosshead 
speed, and span-length of 100 mm for [0/90]4s samples and 72 mm for [45/-45]4s specimens  (Fig. 3b). At least three 
samples of “specimens1” and/or three samples of “specimens2” were tested, for reproducibility assessment. Tensile 
tested mechanical properties include tensile strength, tensile strain (via strain gauge), elastic modulus, maximum 
load and elongation at break. Flexural tests rendered flexural strain, maximum flexural stress and load and flexural 
elastic modulus.  
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a) b) 
Fig. 3. Mechanical testing: (a) tensile test; (b) 3PB test. 
2.4. Microscopy 
Following “specimens1” fabrication and prior to mechanical testing, scanning electron microscopy (SEM) was 
undertaken (JEOL 7001F) to examine the interfaces and distribution of graphite platelets in the epoxy resin and also 
to investigate the presence of voids. Samples surface were coated with Au-Pd alloy prior to SEM observation. 
Fracture surfaces of “specimens1” were also examined after mechanical testing using optical microscopy (OM) and 
SEM. 
3. Results and discussion 
3.1. Microstructural features 
The produced graphite/epoxy materials show uniform microstructures for added graphite amounts up to 
12.5 wt%. The graphite platelets are well dispersed in the epoxy matrix, although some small agglomerates are 
present (Fig. 4a). The frequency and size of the agglomerates increase with increasing graphite contents. The 
graphite/epoxy interfacial adhesion appears to be somewhat weak (Fig. 4b, arrow). 
 
  
a) b) 
Fig. 4. Microstructure of produced materials: (a) graphite dispersion in RG 5% sample; (b) graphite/epoxy interface in RG 12.5% sample (arrow). 
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For graphite contents above 12.5 wt% sample porosity significantly increases. In fact, these samples showed high 
viscosity during resin processing, which made air elimination during mixing and casting more difficult and resulted 
in extensive voids presence in the 15 and 30 wt%-graphite samples after setting (Fig. 5).  
 
 
a) b) 
Fig. 5. Epoxy containing 30 wt%-graphite: (a) low magnification SEM image of sample microstructure; (b) OM image showing macroporosity. 
3.2. Mechanical properties 
3.2.1. Specimens1 
 
The tensile properties of pure epoxy (RE 0%) and of graphite/epoxy-matrix composites containing 5, 7.5, 10, 
11.5, 12.5, 15 and 30 wt% graphite platelets are shown in Fig. 6. The elastic modulus shows overall increase with 
increasing graphite contents. The variation in tensile strength with graphite concentration does not follow the same 
trend, with the unreinforced epoxy samples (RE 0%) presenting the higher value (approx. 64 MPa). This decreased 
performance is suggested to result from weak adhesion at the epoxy/graphite interface (Fig. 4b) (Wu et al. 1991).  
 
 
Fig. 6. Effect of graphite concentration on the tensile properties of graphite/epoxy 
composites: elastic modulus and tensile strain and stress (“specimens1”).  
Fig. 7. Surface fracture of sample RG 5%. 
For samples containing between 5 and 12.5 wt%-graphite the tensile strength value is approximately constant and 
around 42 MPa. Incorporation of 15 wt% and 30 wt% graphite results in further tensile strength decrease (reaching a 
minimum of 26 MPa for RG 30%), probably because of the extensive presence of both micro and macropores (Fig. 
5). Some effect is also expected from the increased size of graphite agglomerates within the epoxy at these 
compositions: inside the agglomerates there is little or no resin bonding the platelets; increasing applied strength can 
possibly lead to their decohesion. The presence of graphite also affects tensile strain (which is smaller for higher 
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graphite amounts), as a result of restrained matrix movement in the neighborhood of individual platelets. All tested 
samples present surface fracture features characteristic of brittle fracture (Fig. 7). 
Since a steady-state condition for tensile strength and strain was achieved between 7.5 and 11.5 wt%-graphite 
range, the compositions in this range were selected for the preparation of “specimens2”. 
3.2.2. Specimens2 
 
The effect of graphite concentration on the tensile and flexural properties of carbon fiber reinforced 
graphite/epoxy matrix composites is shown in Fig. 8 and Fig. 9, respectively. It should be mentioned that none of 
the tensile tested “specimen2” samples failed under the imposed loads allowed by the load cell, making unfeasible to 
determine the corresponding tensile strength and strain. 
 
Fig. 8. Effect of graphite concentration on the tensile properties of carbon fiber reinforced graphite/epoxy matrix composites (“specimens2”). 
There is an overall increase of the elastic modulus values with increasing graphite contents up to 10 wt%-
graphite, with a maximum value of 58 GPa (which is 26 % higher than in the absence of graphite). However 
increasing graphite content even more (up to 11.5 wt%) turns the elastic modulus lower reporting only 11% higher 
than in the absence of carbon fibers. This behavior of the elastic modulus on carbon fiber reinforced graphite/epoxy 
matrix composites (Fig. 8) is somehow similar to what appears into the “specimens1” (Fig. 6), yet 90 % higher. The 
shear modulus obtained in the [45/-45]4s poses a lower value compared to elastic modulus, as expected. 
 
a) b) 
Fig. 9. Effect of graphite platelet concentration on the flexural properties of graphite platelet/epoxy composites: Elastic modulus and tensile 
strength: (a) [0/90]4s; (b) [45/-45]4s. 
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diminution of flexural strain and flexural shear strain. The behavior of elastic modulus and strain is due to the 
stiffness increase with increasing graphite contents. The fracture behavior is however also increasingly more brittle.  
The flexural strength and shear strength overall increase with increasing graphite contents. Attained results are 
different for [0/90]4s and [45/-45]4s specimens, since under a transversal load matrix behavior and matrix load 
transmission behavior are more relevant than under longitudinal load. 
4. Conclusions 
In the present study the incorporation of different amounts of graphite filler with approx. 13 μm diameter on the 
mechanical properties of an epoxy resin and of carbon fiber reinforced epoxy composites were tested. 
Graphite-reinforced epoxy resin attained results show that 7.5, 10 and 11.5 wt%-graphite results in the best 
balance of mechanical (modulus, strength, strain) properties, since dispersion of graphite platelets is more 
homogeneous. Eliminating matrix porosity is mandatory for increased mechanical performance. The same trends 
result when carbon fiber is introduced as the reinforcement phase. 
Overall this study shows that the incorporation of graphite as matrix filler in carbon fiber reinforced epoxy results 
in improvement on mechanical properties, up to a limiting value. Above this limit decreased performance is 
expected as a result of graphite agglomeration in the matrix. The fact that graphite has low density is an advantage 
in prosthetic applications. This study shows that graphite/epoxy composites reinforced with carbon fiber present 
higher mechanical performance than conventional carbon fiber reinforced epoxy matrix composites. 
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